Transcription factors NF-B1 and c-Rel, individually dispensable during embryogenesis, serve similar, yet distinct, roles in the function of mature hemopoietic cells. Redundancy among Rel͞ NF-B family members prompted an examination of the combined roles of c-Rel and NF-B1 by using mice that lack both proteins. Embryonic development and the maturation of hemopoietic progenitors were unaffected in nfkb1 Ϫ/Ϫ c-rel Ϫ/Ϫ mice. Peripheral T cell populations developed normally, but follicular, marginal zone, and CD5 ؉ peritoneal B cell populations all were reduced. In culture, a failure of mitogen-stimulated nfkb1 Ϫ/Ϫ c-rel Ϫ/Ϫ B cells to proliferate was caused by a cell cycle defect in early G 1 that prevented growth. In vivo, defects in humoral immunity and splenic architecture seen in nfkb1 Ϫ/Ϫ and c-rel Ϫ/Ϫ mice were exacerbated in the double mutant mice. These findings demonstrate that in the B lineage overlapping roles for NF-B1 and c-Rel appear to be restricted to regulating the activation and function of mature cells.
R
el͞NF-B transcription factors comprise a group of dimeric proteins assembled from a family of related subunits. The mammalian polypeptides (NF-B1, NF-B2, RelA, RelB, and c-Rel) share a conserved amino terminus (Rel homology domain, RHD) that encompasses sequences essential for DNA binding, dimerization, and nuclear localization (1) . c-Rel, RelA, and RelB possess carboxyl-terminal transcriptional transactivation domains, whereas the cleaved forms of NF-B1 and NF-B2, which only comprise the RHD, function as homodimeric transcriptional repressors or modulators of transactivating dimer partners (1, 2) . Rel͞NF-B factors exist mainly in the cytoplasm as inactive complexes with IB proteins (1, 2) and in response to diverse signals are translocated to the nucleus as a result of IKK phosphorylation-induced IB degradation (3) . In the nucleus, Rel͞NF-B factors control transcription by binding specific sequences (B elements) found within the regulatory regions of many cellular genes (1, 2) .
In hemopoietic cells, essential roles served by individual Rel͞NF-B proteins have been revealed in mutant mice generated by gene targeting (4) . In the absence of c-Rel, RelA, NF-B1, or NF-B2, progenitor differentiation appears normal (4) , but the activation and function of mature cells are impaired. For lymphocytes, this includes proliferative defects associated with division and survival and impaired isotype switching and cytokine expression (4) , which collectively affect cell-mediated and humoral immunity (2, 4, 5) . In single mutant mice, overlapping activities among Rel͞NF-B proteins can lead to phenotypic masking or diminished severity of the defects (4, 5) . This process is best illustrated in the B cell lineage, where different combinations of Rel͞NF-B null mutations result in novel defects at distinct developmental junctures. In the absence of NF-B1 and RelA, B220 hemopoietic stem cell differentiation appeared normal, humoral immunity was severely impaired, probably in part a result of profound B cell activation defects that include a failure of B cells to undergo normal growth.
Materials and Methods
Mice. Mice used in this study were aged between 6 and 10 weeks. nfkb1
mice were generated by intercrossing nfkb1 Ϫ/Ϫ (9) and c-rel Ϫ/Ϫ (10) mice previously backcrossed eight and 10 times, respectively with the C57BL͞6 strain. Wild-type and null alleles for c-rel and nfkb1 were discriminated by PCR of tail biopsy DNA samples (8) .
pet hemocyanin (KLH) (NP͞KLH conjugation ratio of 17:1) by i.p. injection with 100 g of immunogen precipitated in alum. Serum samples were collected before and 21 days after immunization. NP-specific Ig levels were determined by ELISA (10) using NP 17 -BSA as a capture agent and goat anti-mouse isotypespecific sera conjugated to horseradish peroxidase as the revealing reagent. Absolute levels of each isotype were determined by using purified myeloma protein standards.
Lymphocyte Activation in Tissue Culture. Small resting B cells purified to Ͼ95% purity by negative sorting (11) were stimulated in culture at an input of 3 ϫ 10 5 ͞ml in 100 l with lipoplysaccharide (LPS) (20 g͞ml), goat anti-mouse IgM (FabЈ) 2 fragments (Jackson ImmunoResearch, 20 g͞ml), rat anti-mouse RP mAb (1 g͞ml), a mitogenic antibody specific for the B cell surface protein RP (10), or recombinant IL-4 (100 units͞ml). Proliferation was measured by pulsing cultures with 0.5 Ci [ 3 H]thymidine (Amersham Pharmacia) for 6 h and measuring incorporated radioactivity by scintillation counting.
Apoptosis, Cell Cycle, and Cell Turnover Analysis. Viability and cell division in mitogen-stimulated B cell cultures were determined by monitoring cellular DNA content with propidium iodide (PI) staining (11) . For cell cycle analysis, cells were fixed (Ͼ8 h at 4°C) in 70% ethanol, treated with 0.5 g͞ml of DNase-free RNase A for 20 min at room temperature, and stained with 69 M PI in 0.1 M sodium citrate (pH 7.4) for 30 min at 4°C. Flow cytometric analysis (10,000 cells͞sample) was performed on a FACScan and cell cycle distributions were determined with the CELLFIT program (Becton Dickinson). Cell turnover in mice was determined by labeling proliferating cells with BrdUrd as described (11) . Incorporated BrdUrd was detected in immature (sIgM PCR Detection of Germ-Line Ig CH Transcripts. Total RNA isolated from B cell cultures was used as a template for cDNA synthesis followed by 30 cycles of PCR amplification as described (8) . Oligonucleotides used for PCR amplification of germ-line ␥3, ␥1, , ␣, and ␤ actin transcripts have been described (13) . PCR samples were fractionated on 1.5% agarose gels, with the identity of PCR products confirmed by Southern blotting.
Staining of Germinal Centers in Tissue Sections. Splenic sections were stained with horseradish peroxidase-labeled anti-B220 (6B2) and biotinylated PNA (Vector Laboratories). Bound PNA was visualized by using streptavidin-alkaline phosphatase followed by enzymatic detection with naphthol AS-MX phosphate (Sigma), Fast blue BB Salt (Sigma), and levamisole (Sigma) at 0.125, 0.25, and 0.25 mg͞ml, respectively in 0.1 M Tris⅐HCl, pH 8.5. Bound anti-B220 was visualized by staining with anti-rat Ig antibodies coupled to horseradish peroxidase followed by incubation with the horseradish peroxidase substrate.
Results
Embryonic Development and Hemopoiesis Are Normal in nfkb1 ؊/؊ c-rel ؊/؊ Mice. To determine whether the combined activity of NF-B1 and c-Rel was essential for mouse development, nfkb1
offspring, born at a frequency of Ϸ25%, reached maturity without an increased incidence of death, indicating that both transcription factors were dispensable for fetal and neonatal development. Adults displayed no morphological or histological abnormalities, were fertile, and exhibited normal behavior.
Because the loss of NF-B1 or c-Rel specifically afflicted the function of mature hemopoietic cells (4, 5, 9, 10), we focused our analysis on these lineages in nfkb1 Table 2 , which is published as supporting information on the PNAS web site, www.pnas.org).
A survey of thymic and splenic lymphoid populations in nfkb1
mice by using flow cytometric analysis of cells stained with labeled mAbs specific for cell surface markers is summarized in Table 1 . All major thymocyte subpopulations (CD4
were present in normal numbers, as were the CD4 
The mean Ϯ SD were based upon the analysis of six mice of each genotype.
for Rel͞NF-B in mature B cells (15) . NF-B1 promotes the survival of resting splenic B cells (11), whereas c-Rel prevents apoptosis in activated B cells by up-regulating bcl-2-like prosurvival gene expression (16, 17) . Because the death of quiescent nfkb1 Ϫ/Ϫ follicular B cells is abnormally high in culture and their turnover is increased in vivo (11), these parameters were examined in nfkb1 Ϫ/Ϫ c-rel
mice to determine whether the diminished follicular B cell population reflected levels of apoptosis greater than that observed in nfkb1 Ϫ/Ϫ animals. These results (Fig. 2) show that in the combined absence of NF-B1 and c-Rel, B cell turnover in vivo measured by BrdUrd incorporation (Fig.  2 A) and spontaneous cell death in culture ( (Fig. 3B) , plus a marked increase in apoptosis compared with single mutant B cells (Fig. 3C) . The increased severity of the nfkb1 This was examined in culture by measuring mitogen plus cytokine-induced germ-line CH gene expression using semiquantitative reverse transcription-PCR (Fig. 5C ). Because CH RNA levels were measured within 6 h of stimulation, impaired proliferation and survival should not impact RNA levels. In contrast to restricted defects in CH gene expression seen in nfkb1 The effect an absence of NF-B1 and c-Rel had on germinal centers, areas within secondary lymphoid organs where intense B cell proliferation and antigen receptor affinity maturation occurs during an immune response, was also examined. Splenic cryosections from normal and mutant mice immunized with NP-KLH were stained with biotinylated peanut agglutanin (PNA) (Fig. 6) , with high-level binding corresponding to germinal center B cells. Whereas normal spleens display large strongly staining PNA ϩ regions within B cell follicles, germinal center formation was impaired or absent in the mutant mice. Least affected were the nfkb1 Ϫ/Ϫ mice; despite a reduction in the number and size of the germinal centers, PNA hi staining cells were present. In the absence of c-Rel, even fewer clearly demarcated PNA ϩ germinal centers were present, with those found being small in size and irregular in shape. In nfkb1 Ϫ/Ϫ c-rel
mice, no PNA ϩ cells were observed in the B cell follicles. These findings indicate that either the generation or maintenance of germinal center B cells depends on the activity of NF-B1 and c-Rel.
Discussion
In addition to unique roles ascribed to each Rel͞NF-B subunit, some functional overlap among these transcription factors has meant mutant mice lacking different combinations of proteins are necessary to determine the complete spectrum of functions each family member serves. Here we show that NF-B1 and c-Rel, despite being coexpressed in various embryonic tissues as early as embryonic day 12.5 (20) , are not essential for fetal or neonatal development. Relatively normal development of all hemopoietic lineages in nfkb1 Ϫ/Ϫ c-rel Ϫ/Ϫ mice was unexpected given the coexpression of NF-B1 and c-Rel in hemopoietic progenitors (20) and the finding that different aspects of hemopoietic differentiation are disrupted in mice lacking other combinations of Rel͞NF-B proteins (4). In the B lineage, NF-B1͞RelA and RelA͞c-Rel are the predominant heterodimeric complexes in progenitors (21, 22) . During the pre-B to B cell transition, up-regulation of NF-B1 and c-Rel (21, 23, 24) leads to a shift in the relative abundance of different Rel͞NF-B proteins, with NF-B1͞c-Rel and NF-B1 homodimers emerging as the major complexes found in mature B cells. The importance of NF-B1͞RelA and NF-B1͞ c-Rel in normal immature and mature B cells, respectively, is supported by the phenotypes resulting from the loss of these Rel͞NF-B combinations. Whereas NF-B1 and RelA are essential for the development or survival of B cell progenitors (6), loss of NF-B1 and c-Rel does not disrupt lymphopoiesis, but instead affects activation-associated functions in mature B cells. Together with roles for NF-B1͞NF-B2 and c-Rel͞RelA in promoting the development and survival of immature and transitional B cells, respectively (7, 8) , these findings indicate that different Rel͞NF-B complexes serve essential, nonredundant functions at distinct checkpoints throughout B cell ontogeny (Fig. 7) .
The basis of the selective reduction of various mature B cell populations in nfkb1 (13) was subjected to semiquantitative reverse transcription-PCR using primers specific for C␥3, C␥1, C, and C␣ germ-line RNAs and ␤-actin mRNA as a control. The PCR products were then fractionated on agarose gels. B cells were stimulated with LPS alone (C␥3 RNA), LPS plus IL-4 (C␥1,C RNA), and LPS plus transforming growth factor ␤ (C␣ RNA). T cells (31) and antigen-presenting cells (32) , accounts for impaired humoral immunity is unclear and will need to be addressed by reconstitution experiments using various combinations of different wild-type and mutant cells. Finally, the generation and characterization of mice lacking multiple members of the Rel͞NF-B family, in addition to revealing interactive roles served by these transcription factors, offers an opportunity to identify relevant target genes whose impaired expression can account for the increasingly complex phenotypes observed in these mutant mice.
